Data from the backscattered ultraviolet instrument (BUV) on Nimbus 4 show depletion of ozone following solar proton events in January and September 1971 and in August 1972. The direct effect of high energy protons on the B UV instrument was determined by comparing nighttime B UV counting rates with particle data from IMP 6. The instrumental effects were then subtracted to allow accurate calculation of ozone profiles during the three events. The solar proton event of August 1972 was very large and produced an ozone depletion of 15% at 42 km that persisted for almost 30 days. This long recovery time indicates that NOx was produced in a quantity sufficient to alter the ozone chemistry. The two proton events in 1971 were of moderate size but produced ozone depletions of 10-30% at 50 km with a 36-hour recovery time. The rapid recovery is consistent with the assumption that HOx was responsible for altering the ozone chemistry, but the magnitude of the observed depletion exceeds that predicted by our chemical models.
INTRODUCTION
The chemistry of the upper stratosphere is imperfectly understood because of the large number of possible reactions and uncertainties in the concentrations and reaction rates of the various species. We can gain valuable insight into the chemistry by observing the response of ozone to changes in individual species. Gradual changes, such as those caused by the introduction of chlorofluoromethanes, are di•cult to distinguish from the normal background variability and require accurate long-term monitoring programs for accuracy. But during a solar proton event NOx (N, NO, and NO2) and HOx(H, OH, and HO2) are produced very rapidly (during the hours of the event itself) and in a limited area of the globe (above about 60 ø geomagnetic latitudes), and this signature makes the resulting changes in ozone relatively easy to identify. SPEs (solar proton events) therefore act as natural 'experiments' that can be used to check elements of the stratospheric chemistry problem.
The first measurement of changes in ozone resulting from SPEs was reported by Weeks et al. [1972] . Rockets fired during and after the November 2, 1969, SPE showed a large decrease in ozone even at 52 km, the lowest altitude observed. The atmospheric chemistry required to explain such a depletion was developed by Swider and Keneshea [1973] and further revised by Frederick [1976] and Swider et al. [1978] . Heath et al. [1977] [1972] and, our analysis shows, produce ozone depletion near the stratopause of similar magnitude. In the next three sections we present details of our analysis of the satellite data show. ing ozone depletion associated with SPEs, and in the final sections we give a theoretical analysis of the atmospheric chemistry during these SPEs.
INSTRUMENT EFFECTS AND RADIANCE CORRECTION
During an SPE, protons penetrate the satellite and photomultiplier tubes to produce a wavelength independent background signal analogous to a dark current signal. If uncorrected, this direct instrumental effect of protons can cause serious errors in the radiances measured at the profiling wavelengths (below 300 nm). To establish the existence of ozone depletion during an SPE we must accurately correct our radiances for contamination.
Fortunately, we have a way to predict the effect of particles on the instrument. In 1970 and 1971 the instrument was operated in the pulse counting mode for the night half of each orbit, so we have direct measurements of the effect of protons on the instrument during the 1971 SPEs. Before an event, the pulse counter at night shows from 2000 counts per second (cps) in most regions to 10,000 cps in the electron horn region near 60 ø geomagnetic latitude. For comparison, the radiance at 273.5 nm near 80 ø solar zenith angle is equivalent to 550,000 cps. During an SPE, we observe normal counting rates up to 55 ø geomagnetic latitude, a steep gradient, then a relatively constant counting rate above 60 ø geomagnetic latitude over the polar cap to the terminator. The variance of the counting rate over the polar cap is about 10% at high flux levels (> 100,000 cps) increasing to 20% at low flux levels (<20,000 cps). No trend of counting rate with position over the polar cap is clear in either the January or September SPE.
To obtain a better interpolation of counting rate versus In Figures 1 and 2 we show that a simple multiplicative constant can be found to relate IMP and B UV. If we assume be about 15% higher than the southern. The axial tilt of the earth in January could be expected to favor slightly the acceptance of particles into the northern polar region.
The accuracy with which we can correct the measured radiances for particle contamination depends on the accuracy to which the contamination is known and the size of the signal due to particles relative to the size of the signal due to backscattered sunlight. In the January and September 1971 SPEs, the peak contribution due to particles equals the signal from backscattered sunlight; and at the peak of the first August t972 SPE the contamination is 30 times the expected radiance. Given the 10-20% uncertainty in the proton count rate, we should not attempt to correct radiances so heavily contaminated. Instead, we have set an upper limit of 200,000 cps for radiance correction. While the proton contamination is independent of wavelength, the backscattered radiance increases rapidly between 273.5 and 305.8 nm (the shortest and longest wavelengths used for ozone profile retrievals) because of the decreasing ozone absorption coefficient. For large solar zenith angles a proton contamination level of 200,000 cps represents 50% of the backscattered radiance at 273.5 rim, 20% of the radiance at 287.6 rim, and only 10% of the radiance at 297.5 rim. If there is a 20% uncertainty in our estimate of proton contamination, the uncertainty in our corrected radiances at the same wavelengths will be only 10, 4.4, and 2%, respectively. These estimates should represent upper limits on the radiance uncertainty; at lesser proton flux levels or smaller zenith angles the percent radiance uncertainty should be proportionately less. During the January SPE we happen to have BUV night- In Figure 3 we plot data at 75øS geodetic latitude for the January SPE for each orbit. The level of normal ozone and its uncertainty and variability are indicated by the preevent data. It is clear that an ozone depletion of much less than 10% would be difi%ult to distinguish because of the variability and sparseness of the data. Ignoring the initial point of day 25 for reasons that will be explained later, we see an ozone depletion of 20-30% at 1 mbar on day 25 decreasing to near zero by the end of the day. Even larger depletion is seen at 0.5 mbar, but the results there are more susceptible to error. Figure 4 for the September SPE follow much the same pattern. The most serious obstacle to interpreting these observations as real ozone depletion is the very high level of 'noise' in the radiances (and derived ozone) during the SPE. Before the January SPE, ozone at 1 mbar at 75øS latitude has a 4% variability because of random digitization errors and vailability of ozone with latitude and longitude. But during the SPE on day 25 hour 8 the 1 mbar ozone derived by using corrected radiances exhibits scan to scan variations along the orbital track of 20%. This variability decreases to about 10% by the hour 12 orbit and to about 5% by hour 14. The nighttime measurements indicate a variability in the proton flux of about 10%, and this should translate into only a few percent variability in ozone even at hour 8. Part of the explanation is that the daylight readings, instead of being a 1.8 s integrated readings, are an average of four short interval readings at each wavelength. The result is that the daytime readings have a higher statistical variability in the proton component of the signal than indicated by the nighttime data. Also we cannot rule out the possibility that the proton flux itself is more variable on the dayside than on the nightside; we have explicitly assumed the day/night proton flux to be about the same.
At 2 mbar any ozone depletion is indistinguishable from preevent variability. The results shown in
In view of the high variability and some uncertainty about our assumptions, can we be sure that we are seeing a real effect? If our estimates of the dayside proton count rate were in error by a factor of 2, the depletion we see could be explained as purely contamination. To disprove this possibility, we have made an upper limit proton flux calculation. The 255.5-nm channel, which is not used for profiling for other reasons, is most sensitive to proton contamination. We force the 255.5-nm radiance to equal its average preevent value and attribute all the excess signal to protons. In doing this we are assuming that there is zero ozone depletion at the altitude of the 255.5-nm contribution function (about 56 km). If there actually is no ozone depletion, the proton counting rate so derived will be correct, and the true ozone profile will be inverted at all altitudes. If an ozone depletion does exist, we will erroneously attribute radiance change due to ozone depletion near 0.5 mbar to increased proton flux. A depletion will still be calculated in the 45-to 50-km region but underestimated by from 10 to 60%, depending on the ozone altitude dependence. This is possible because the proton contribution is a decreasing fraction of the total radiance at the longer wavelengths that penetrate further into the atmosphere and consequently have more backscattered radiation.
This upper limit procedure for estimating the proton flux was used to calculate the dotted curves at 1 mbar in Figures 3 and 4. In Figure 3 the first point on day 25 now shows zero depletion; we probably slightly missed the exact starting time of the SPE because the IMP-6 data are 1 hour averages, and there really was no ozone depletion at this time. But the remaining points on that day show about the same level of depletion, whether calculated by using IMP derived proton fluxes or by using the upper limit 255.5 nm proton flux. This is strong evidence that there was a real ozone depletion at 50 km during the SPE of January 25, 1971. The results for the September SPE, on the other hand, are ambiguous. In Figure 4 the point at hour 6 on day 2 still shows a strong depletion, but the remaining points show no depletion. This is a lower limit depletion calculation, and such a result would be found if the ozone depletion increased rapidly between 50 and 55 km (1-0.5 mbar). But based on the results here, we cannot conclude with certainty that there was ozone depletion during the September 1, 1971, SPE.
OBSERVED OZONE DEPLETION IN AUGUST 1972
In Figures 5 and 6 we show details of the recalculated ozone depletion and recovery that followed the very large SPEs of August 4 and August 7, 1972, the depletion first reported by Heath et al. [1977] . In Figure 5 we plot the ozone mixing ratio as a function of time for four altitudes. Each point is a 1-day zonal average of about 12 individual scans. We see a sharp decrease in ozone during the SPEs that disappears as the proton flux returns to normal, much the same behavior as seen in the 1971 SPEs. But here a longterm depletion of ozone is seen that persists for almost a month after the SPEs have ended. The proton counting rates used to correct radiances during the 1972 SPEs are derived solely from IMP 6 measurements analyzed in the same way as IMP data for the 1971 SPEs.
To estimate the long-term ozone depletion accurately, we must take into account normal seasonal behavior. In 
PHOTOCHEMICAL EQUILIBRIUM MODEL RESULTS
Since the atmosphere is fairly close to .steady state at 50 km we have constructed a simple photochemical equilibrium model for that altitude by using the equations given in the appendix and the reactions and their rates given in Table 1 
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Other major loss schemes for Ox are due to the Chapman mechanism and catalytic cycles with NOx and Clx species. By using a temperature of 277øK (60 ø latitude summer, Cira (1972)) and fixing several species (H20, NO, CH4, HC1,
HOC1, M, N2, and O2), the species 03, O(3p), O(1D), OH,
HO2, NO2, C10, and C1 were all solved self-consistently and are given in column A of The largest loss term for the Ox species is that due to the HOx species, while the second largest is that due to the Chapman mechanism. The NOx and Clx ( We adjusted k3, ks, k7, and the H20 concentration to their limits of believability in an attempt to reproduce the observed ozone depletion. The reaction rate k3 was changed from 4.0 x 10 -ll cm 3 s -I to 6.5 x 10 -li cm 3 s -l, ks from 3.5 X 10 -11 cm 3 S -1 to 5.7 x 10 -11 cm 3 S -l, and k7 from 4.0 x 10 -ll cm 3 s -1 to 1.9 x 10 -ll cm 3 s -1, approximately corresponding to 1 standard deviation changes that were enumerated in Hudson and Reed [ 1979] , and the H20 concentration was changed from 5.5 to 1.5 ppmv, certainly lower than any rocket observation at 50 km [Hudson and Reed, 1979] . These changes were made in the photochemical equilibrium model, and calculations were redone. This produced the species' densities given in column C of Table 2 To cope with these problems, we used the one-dimensional time-dependent model described in Herman [1979] Following our work with the photochemical equilibrium model, we also made an upper limit calculation. The reaction rates k3, ks, and k7, and the H20 concentration were all modified in the same manner as described earlie• for the photochemical equilibrium mode. The ambient species densities resulting are all given in column E of Table 2 . We computed the resulting 03 decrease from the January 1971 SPE and represent these results with the dash-dot curve in Figure 9 . The maximum 03 and HOx changes are again at the maximum intensity of the SPE and are given by the dashed lines in Figure 10 . Again, the maximum 03 decrease occurs around the 70-kin level. At 50 km this modified chemistry model came closer to reproducing the undisturbed ozone concentration (see Figure 10 ), but the depletion predicted is still a factor of about 3 less than the observational values, 8.2% versus about 25%. Thus, even with the HO• specie production and 03 influence taken to this unrealistic extreme, the observed ozone destruction cannot be duplicated. 
